In imaging, contrast agents are utilized to enhance sensitivity and specificity of diagnostic modalities. In ultrasound imaging, microbubbles (MBs)-a gas-core shell-encapsulated agent-are used clinically as contrast agents. The working hypothesis of this study is that microbubbles can be employed as an intravascular contrast agent in optical imaging systems. In this work, the interaction of light and microbubbles in a turbid medium (intralipid) was investigated, particularly, the effect of MBs on the reduced scattering and absorption coefficients. Diffuse reflectance (DR) and total transmittance (TT) measurements of highly scattering intralipid suspension (0.5-5%) were measured using spectroscopic integrating sphere system in the absence and presence of Definity microbubbles. The optical properties were computed using the inverse adding doubling (IAD) software. The presence of microbubbles increased DR and decreased TT of intralipid phantoms. In the presence of MBs (0.5% volume concentration), the reflectance of the intralipid phantom increased from 35% to 100%. The reduced scattering coefficient increased significantly (30%) indicating potential use of MBs as optical contrast agents in light based modalities.
Introduction
Microbubbles (MBs), a gas-core shell-encapsulated bubble of 1-5 micrometers in diameter, are utilized clinically in diagnostic ultrasound imaging as a contrast agent [1] . The gas of microbubbles is usually comprised of perfluorocarbon, nitrogen, or sulfur hexafluoride gas. The shell of microbubbles normally comprises of lipids, proteins, and polymers [1] and its thickness is in nanometer range (60-200 nm) [2] . Microbubbles behave as an intravascular contrast agent; they remain within the circulation. They generally have a short lifetime; generally MBs disappear within a few minutes following an intravenous injection [3] . Encapsulated microbubbles potentially can be used as optical contrast agents since MBs contribute to the media refraction index mismatch. The presence of MBs in tissue can cause refractive index mismatches and potentially allow the MBs to be distinguished from its surrounding media. The gas and shell of microbubbles will only affect the real part of refractive index. There is no considerable optical absorption and only refraction occurs as a result of light-microbubble interactions which may increase light scattering and subsequently increase optical contrast. The size of microbubbles is on the order of a wavelength, and therefore the main optical effect of light-MB interaction is Mie scattering [4] .
Light based modalities are nonionizing methods with significant potential for noninvasive, portable, and costeffective medical diagnostics [5] . However, at visible and near IR wavelengths (400-1200 nm) light scattering contrast is limited between adjacent tissues [6] . Although, for example, morphological differences between normal and malignant tissues can be obvious at later stages of tumor development, it is challenging to detect early-stage tumors or tumors that are optically similar to surrounding normal tissue [7] . This can be potentially improved by contrast agents to differentiate normal tissue from the pathological lesions exploiting MBs as contrast agents in similar manner as for US imaging contrast enhancement [8] .
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The goal of this work is to study the effect of MBs on light propagation in a turbid media. Intralipid was used to mimic biological tissue scattering properties. In biomedical photonics, light propagation is an important process in both diagnostic and therapeutic applications [9] . Light propagation through any media is determined by its optical properties, which are wavelength dependent [10] . The intrinsic optical properties of tissues are absorption coefficient, , scattering coefficient, , scattering anisotropy, , reduced scattering coefficient, , and refraction index [11] . Typically, tissue is a turbid media and the optical reduced scattering coefficient for soft tissues is in the range 10-100 [1/cm] . Intralipid is turbid and has no strong absorption in the visible region and is often used as a tissue mimicking phantom medium [12] .
In this work, various concentrations of intralipid were used to demonstrate a diffuse reflectance similar to soft tissues with known scattering coefficients. The absorption and scattering coefficients are obtained from measured transmittance and reflectance using an inverse adding doubling method (IAD) based on radiative transfer theory. IAD is an accurate solution of the radiative transport equation for all albedos, all optical depths, and all phase functions and can be applied to any medium for which the radiative transport equation is valid [13] . In this study, the effect of microbubbles mixed with intralipid upon the optical properties of the intralipid solutions at various concentrations is studied using the integrating sphere spectroscopy measurements and inverse adding doubling algorithm.
Materials and Method

Materials
2.1.1. Intralipid Phantom. Intralipid (IL) phantoms with varying concentrations of IL 0.5%, 1%, 1.5%, 2%, 3%, and 5% (v/v: volume concentration) of the original 20% stock solution (Sigma-Aldrich, Canada) were used to mimic the scattering properties of biological tissue. The intralipid 20%, according to the manufacturer, is made of 20% soybean oil, 1.2% egg yolk phospholipids, 2.25% glycerin, and water. The glycerin is dissolved into individual molecules in the water and does not scatter light. The difference in the refractive index of waterglycerin solution from that of pure water has no measurable influence on the scattering parameters [4] . The dilutions of IL can yield wavelength-dependent reduced scattering coefficients ( ) in the range from 5.7 to 26.7 [1/cm] that are similar to values reported for tissues [14] .
2.1.2.
Microbubbles. Definity (perflutren lipid microspheres, Lantheus Medical Imaging, Billerica, MA), an FDA approved commercially available ultrasound microbubble contrast agent, was used in this study. Definity microbubbles with the mean size of 1.2 ± 0.5 m, measured using a Coulter Counter Multisizer (Beckman Coulter, USA) (Figure 3) , were added to the intralipid phantom at 2.5% v/v (volume concentration). The microbubble concentration is comparable to values used in ex vivo ultrasound experiments [15] . Definity has a concentration of 1.2 * 10 10 bubbles/mL.
Methods
Spectroscopy. Double beam integrating sphere technique (UV-VIS-NIR Spectrophotometer
Shimadzu UV-3600, Japan) was used to determine the total transmittance (TT) and diffuse reflectance (DR) of intralipid phantoms with and without microbubbles. Visible and near infrared wavelengths (300-850 nm) and 8 nm slit width measurements were performed [16] . The wavelength accuracy in UV/VIS region: ±0.2 nm and NIR region: ±0.8 nm.
The intralipid phantom was placed in 2 mm light path quartz cuvettes (Starna Cells Inc., USA). Cuvette dimensions were 45 mm × 4.5 mm × 12.5 mm (considered as an infinite in the direction perpendicular to the incident beam) and held at the integrating sphere sample port. The experimental conditions satisfy the requirement of optically thick ( ∼ 1) tissue sample which ensures the validity of the multiple scattering [10] . In diffusive regime, completely describes the light scattering profile. Prahl, 2011) program was used to compute the optical properties of the samples [17] . The settings of the IAD program were sample index of refraction (1.47: phantom (the scattering particles of intralipid are soybean oil. The refractive index of soybean oil is = 1.47 and was considered as the refractive index of the sample [18] )), index of refraction of the top and bottom slides (1.5138: BK-7), sample thickness (2 mm), illumination beam diameter (7.1365 mm), reflectivity of the reflectance calibration standard (0.98), and number of spheres used during each measurement (1) . The properties of reflectance measurement sphere were sphere diameter (60 mm), sample port diameter (18.74 mm), entrance port diameter (16.73 mm), detector port diameter (13.12 mm), and reflectivity of the sphere wall (0.98). The properties of transmittance measurement sphere were sphere diameter (60 mm), sample port diameter (16.73 mm), entrance port diameter (0.00), detector port diameter (13.12), and reflectivity of the sphere wall (0.98).
Analysis. Inverse adding doubling (IAD) software (developed by
Measured DR and TT were used as input for the IAD software to extract and as a function of wavelength [11] . The inverse adding doubling algorithm initially guesses the intrinsic optical properties set, comparing the expected observables with those measured by the integrating sphere system and then iteratively approaching the final set of intrinsic parameters minimizing the deviation from the measured values of TT and DR [17] . The IAD technique is shown to calculate optical properties within ten percent of the true optical properties for all sample thicknesses greater than one optical depth [10] .
Experiments.
The diffuse reflectance (DR) and total transmittance (TT) were measured at visible and near infrared wavelengths (from 300 to 850 nm) for intralipid phantoms (0.5%, 1%, 1.5%, 2%, 3%, and 5%) before and after adding microbubbles. 2 mm light path quartz cuvettes (Starna Cells Inc., USA) were used to hold the samples at the integrating sphere sample ports. This ensured the validity International Journal of Photoenergy of the multiple scattering for optically thick ( ∼ 1) tissue samples [10] . Thus, the describes the light scattering profile completely. Spectra in the range from 300 to 850 nm at a spectral resolution of 0.1 nm were obtained for (1) intralipid solutions only (no MBs) and (2) intralipid solutions with MBs. The MB volume ratio was 1 : 40 for all measurements which is in the range of ex vivo ultrasound studies [15] .
Results and Discussion
3.1.
Reflectance and Transmittance Spectra. The diffuse reflectance (DR) and total transmittance (TT) of intralipid phantoms at varying concentrations in the absence of MBs are shown in Figure 1 . DR increases and TT decreases with increasing intralipid concentration, as expected. The DR and TT for microbubbles alone diluted in deionized water are shown in Figure 2 . The size distribution of Definity microbubbles is shown in Figure 3 . The DR and TT of phantoms in the absence and presence of microbubbles at varying concentrations of intralipids are shown in Figures 4, 5, 6 , and 7; the spectra with the addition of microbubbles are shown in solid line. The DR increases and TT decreases in the presence of microbubbles for all intralipid concentrations. For example, in the 0.5% intralipid concentration phantom, DR increased by 35-100% and TT decreased by 25-40% in the presence of MBs (Figure 4 ). In addition, the effect of microbubbles depended on the wavelength. At longer wavelengths, the effect of microbubbles on reflectance signal is decreased, whereas the effect is increased for total transmittance. Furthermore, the reflectance and transmittance spectra depended on intralipid concentration. With increasing intralipid concentration, the effect of MB on DR and TT was significantly reduced. At intralipid concentrations higher than 1.5%, DR and TT with and without microbubbles appear to be similar (Figure 7 ). 
Spectra of Intrinsic Optical Properties in Presence of
Microbubbles. The optical properties (reduced scattering and absorption coefficients) for intralipid phantoms (0.5% to 5.0%) and microbubbles only in deionized water are shown in Figures 8 and 9 , respectively. The reduced scattering and the absorption coefficients increase with increasing intralipid concentration (Figure 8 ). The characteristics of the spectra were similar; the amplitude in the reduced scattering spectrum decreased with intralipid concentration. Microbubbles act as optical scatterers in deionized water ( Figure 9 ). The computed reduced scattering and absorption coefficients as a function of wavelength for various concentrations of IL in the absence and presence of microbubbles are shown in Figures 10, 11, 12 , and 13. The altered and caused by microbubbles are depicted in a solid line. The absorption coefficient of intralipid phantom measured in the study (Figure 8 ) was higher compared to those reported in the literature: 0.01 (1/cm) at 500 nm [19] . This may be due to integrating sphere corrections and lost light during the measurements [13] . The lost light is considered part of absorption and consequently overestimating . The results indicate that both and increase significantly after adding microbubbles to the phantom intralipid solution at 0.5%, 1%, and 1.5% (Figures 10-12) . The reduced scattering coefficient decreased with the wavelength; at wavelengths of 700 nm and longer, the absorption coefficient is lower than 0.1. However, at higher intralipid concentrations, the intrinsic optical properties were not significantly different in the presence and absence of microbubbles ( Figure 13 ). The absorption coefficient and the reduced scattering coefficient increased in the presence of microbubbles. The growth of the scattering coefficient was more significant (1.35 fold at 300 nm and 6-fold at 850 nm) compared to the absorption coefficient (1.12 fold maximum across the spectrum) for the 0.5% intralipid phantom.
The scattering and absorbing particles of intralipid are soybean oil and water. It has been stated that water is the significant light absorber of intralipid in near infrared light for the wavelength range over 950 nm which is beyond the range we explored for the study [4] . It is found that in the red and far-red regions of the spectrum, both water and soybean oil contribute to the absorption while in the blue region, the absorption is primarily due to soybean oil [14] .
Discussion and Conclusions
The presence of microbubbles in a scattering-mimicking tissue phantom significantly changed its optical properties in the 300-850 nm wavelength range. The scattering coefficient increased in the presence of microbubbles within the biological tissue transparency window where tissue absorption is minimal [20] . Microbubbles affected the intrinsic optical properties of the tissue phantom-both scattering and absorption. The microbubbles introduced an extrarefractive index mismatch that increased the probability of scattering coefficients decreased at longer wavelengths. In addition, at higher concentrations of intralipid (>1.5%), the effect of adding microbubbles is significantly reduced. The scattering properties of most biological tissues can be approximated at intralipid concentrations from 0.5% to 5.0% [12] , indicating that the enhancement of the backscattering and reflectance due to the presence of microbubbles (2.5% v/v) can be potentially employed for improving optical imaging diagnostics. In contrast-enhanced ultrasound imaging, the dose of microbubbles depends on the contrast agent characteristics and mode of administration. The microbubbles can be administered through infusion or bolus injection. Bolus injection is a delivery of an agent in a single bolus usually over a few seconds as opposed to infusion where the agent is delivered over a longer period and lower flow rate (e.g., saline bag infusion). A dose of 2.5% can be potentially achieved when microbubbles are administered through a bolus injection [21] . 
